Nodule senescence is one aspect of nitrogen fixation that is important to study from the perspective of improving the host-bacteroid interaction. In winged bean nodules, a 21-kilodalton protein is specifically expressed when senescence begins. Using subcellular fractionation, we observed that this plant protein interacts with the bacteroids. Microsequencing of the protein allowed us to obtain a specific oligonucleotide that was used to isolate the corresponding nodule cDNA. Sequence analysis of this cDNA revealed that the 21-kilodalton protein has all of the features of a legume Kunitz protease inhibitor. Subsequent analysis confirmed that this nodulin is indeed a protease inhibitor. lmmunocytochemical study showed that the protease inhibitor is exclusively localized i11 infected senescent cells of the nodule, particularly in disorganized bacteroids, the peribacteroid membrane, vacuole membranes, and in the vacuole fluid. The specific expression of a protease inhibitor at senescence may be of particular interest if the targeted proteolytic activity is important for the symbiotic relationship. This point is discussed in relation to the known nodule proteases.
INTRODUCTION
Nitrogen fixation in legumes is performed by endosymbiotic bacteria of the genus Rhizobium or Bradyrhizobium. By binding to the root hairs, the bacteria induce the root to produce a specific structure, the nodule, and then invade its central part through an infection thread. lnside the host plant cells, they differentiate in a new morphological and physiological form, the bacteroid. These bacteroids are enclosed in a host-cell membrane system, the peribacteroid membrane (PBM) and fix nitrogen (Goodchild and Bergersen, 1966; Kijne and Planqué, 1979; Mellor and Werner, 1987; Long, 1989) . The ability of individual infected cells to fix nitrogen is a transient step followed by senescence in a short period of time (Kijne, 1975) . Morphological studies of senescent nodule cells show a disorder in the PBM and the formation of large vacuoles containing degraded bacteroids and autophagocytized cytoplasm (Kijne, 1975; Vance et al., 1980; Mellor and Wiemken, 1988) . Within a developing nodule, all the cells are not at the same stage of development. The different stages are easily observed in indeterminate nodules but exist in determinate nodules such as winged bean nodules (Vance, 1986) . In determinate nodules, the senescent cells ' To whom correspondence should be addressed.
are localized in the central part of the nodule and radiate from the center. When pods and seeds are developing, they mobilize a large part of the assimilated carbon to the detriment of nodules, whose growth is thereby suppressed. All of the nodule-infected cells become senescent, and the nitrogen fixation decreases rapidly.
During symbiosis, the host plant expresses a certain number of proteins specific to nodule development and nitrogen fixation called nodulins. The best known among these proteins are leghemoglobin, which is found in all legumes and regulates oxygen tension in nodules (Wittenberg et al., 1974) , uricase II and glutamine synthetase II, involved in ammonia assimilation (Bergmann et al., 1983; Cullimore et al., 1984) , and sucrose synthase (Thummler and Verma, 1987) .
Other nodule-specific host proteins, sometimes expressed at stages earlier than leghemoglobin, have been characterized, but their functions remain generally unknown and are under investigation (Katinakis and Verma, 1985; Campos et al., 1987; Gloudemans et al., 1987; Jacobs et al., 1987; Dunn et al., 1988; Scheres et al., If senescence could be delayed, an improvement in the nitrogen value of legume crops would be possible at the 1990). stage of seed formation, i.e., when the plant needs large amounts of nitrogen. Proteases are probably involved in nodule senescence (Vance, 1986; Peoples and Dalling, 1988) because two thiol proteases (one with a pH optimum of 3.5 and the other with a pH optimum of 8.0) have been purified from French bean senescent nodules and appear to be active only during senescence. It has also been shown that they are able to partially digest in vitro the peptidoglycans of the bacteroid cell wall (Pladys et al., 1986; Pladys and Rigaud, 1988) . A serine protease with decreasing activity during senescence was found in functional nodules (Pladys and Rigaud, 1985) . Moreover, serine protease activities in senescent soybean nodules have also been observed (Malik et al., 1981; Pfeiffer et al., 1983) , but degradative changes were not detected in the bacteroids. So far, no specific expression of other nodulins and no specific activation of enzymes have been reported in senescent nodule tissue.
By differential immunoscreening of winged bean nodule proteins, we observed a nodule-specific 21-kD protein that appears at the beginning of senescence. Partial amino acid sequencing and oligonucleotide designing enabled us to isolate a specific cDNA clone from a nodule cDNA library. Sequencing and analysis of this cDNA showed that the 21-kD protein is homologous to the plant Kunitz trypsin inhibitors.
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Legh. Total root or nodule proteins were extracted in hot SDS sample buffer, run on an SDS gel, blotted on nitrocellulose, and immunostained with nodule-specific antibodies. Lane 0, sections of mature roots with no apparent nodule budding (noninfected root); lane 1, root sections containing 0.25-mm nodule buds; lane 2, 0.5-mm nodules; lane 3, 1-mm nodules; lane 4, 1.5-mm nodules; lane 5, 2-mm nodules; lane 6, 2.5-mm nodules; lane 7, 3-mm nodules; lane 8, 4-mm nodules; lane 9, 5-mm nodules. Nodulespecific antibodies were used as primary antibodies, and goat anti-rabbit IgG coupled to alkaline phosphatase were used as secondary antibodies. Legh., leghemoglobin.
RESULTS

Evidence for the Appearance of a 21-kD Protein Very Late in Nodule Development
Proteins were extracted from nodules at different stages and separated on an SDS gel. A protein gel blot was done with nodule-specific antibodies (see Methods), and the result is shown in Figure 1 . The different development stages are defined by the nodule size. We observed that most of the labeled nodule-specific proteins appear at the same stage as leghemoglobin, which is present when nitrogen fixation occurs. An interesting observation was that a nodule-specific protein of 21 kD appeared much later (stage 6) than leghemoglobin (stage 3). At this stage, many infected cells of the central zone of the nodules were already senescent.
Subcellular Location of the Late Nodule-Specific Protein
A nodule-specific protein can be expressed by the plant or by the microsymbiont genome. To determine whether the 21-kD protein was associated with bacteroids, subcellular fractionation experiments were conducted on large nodules. Figure 2 shows the different fractions analyzed by immunoblotting with nodule-specific antibodies. Under the conditions used, most antibodies of the antiserum appeared to be directed against the bacteroid proteins represented by bacteroid proteins themselves and by the proteins of the peribacteroid fluid (PBF), instead of the plant proteins represented by the soluble fraction. This may be due to the large amount of bacteroid proteins in the tissue (thousands of bacteroids relative to the number of infected cells) and/or to the greater antigenicity of bacteroid proteins. The presence of the 21-kD polypeptide in the lane corresponding to the pure bacteroid fraction would suggest that it is a bacteroid protein, but a large amount of this protein is present in the soluble fraction and a small amount is present in the PBF and membrane fractions. This result would favor the hypothesis that the plant protein is targeted to the bacteroids.
The faint 21-kD band observed in the PBM lane ( Figure  2 ) would reflect the transient passage of this protein across the PBM from the plant cell cytoplasm to the bacteroids. However, the opposite is also possible, and it cannot be ruled out that the 21-kD polypeptides seen in the bacteroid lane and in the soluble proteins lane are totally different proteins with the same apparent molecular weight. designed from polypeptide 3 ( Figure 3B ) and used as probe for RNA gel blot hybridization of plant mRNA. Figure 4A shows that oligonucleotide 1 hybridized to a nodule polyA* transcript of 0.9 kb that was absent in noninfected roots. This result demonstrated that the 21-kD soluble protein is probably encoded by a plant gene because the prokaryotic microsymbiont has no polyA + mRNA, unless a prokaryotic polyA~ transcript contaminated the polyA + -purified fraction.
Antibodies against the purified 21-kD protein were produced and reacted with nodule subcellular fractions by immunoblotting. Figure 4B shows that the antibodies reacted with the 21 -kD protein of both fractions-the soluble proteins and the bacteroid proteins-supporting the hypothesis that the late expressed 21-kD protein is a plant nodulin interacting with bacteroids.
The Late Nodulin Is Specifically Localized in Senescent Cells
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The plant cell cytoplasm (where the protein is synthesized) and the bacteroids (with which it interacts) are separated by the peribacteroid membrane, which acts as a barrier. To reach the bacteroid, the 21-kD protein must be specifically sorted out from the cytoplasm. However, direct Proteins from nodule subcellular fractions (see Methods) were run on an SDS-gel, blotted on nitrocellulose, and immunostained with nodule-specific antibodies. The nodule lanes are, respectively: total, total nodule proteins extracted in SDS-sample buffer; soluble, nodule-soluble proteins from the first sucrose gradient supernatant; PBM, peribacteroid membrane; PBF, peribacteroid fluid; bacteroid, bacteroids from the second sucrose gradient. The noninfected root lane is the same as lane 0 in Figure 1 . The freeliving bacteria lane is total proteins from a Rhizobium sp NGR234 culture. The antibodies used are the same as in Figure 1 . Legh., leghemoglobin. A different approach was used to resolve the ambiguity of the origin of the 21-kD polypeptide. The soluble protein was purified from large nodules by a procedure involving anion-exchange chromatography on a DEAE-Sephadex column followed by preparative SDS-PAGE. The purified protein was digested with trypsin and the derived peptides were separated. The N-terminal sequence of four peptides was determined by automatic Edman degradation. The protein sequence data of the four tryptic peptides are shown in Figure 3A . Three oligonucleotides mixtures were
. interaction of this protein with the bacteroids is possible if at the beginning of senescence the PBM becomes disorganized and permeable. To answer these questions and also to complement the results obtained by cell fractionation, we made optic and electron microscopic studies of nodule cells. Figure 5A shows thin sections of a 3-mm nodule observed by optic fluorescence microscopy. The small dark cells are noninfected nodule cells. The large, lightly fluorescent cells are functional infected cells. The large cells containing fluorescent inclusions are suspected to be senescent infected cells. Nothing is known about the chemical constitution of the fluorescent material. This could be due to protein-metal complexes such as ferric-specific ligands (siderophores), which are found in Rhizobium (Bosch et al., 1988) . Nevertheless, this method is able to detect senescent cells without ambiguity. Ultrathin sections of the same nodule tissues were incubated with rabbit anti-21-kD protein antibodies and stained with gold particles complexed with protein A. Figures 5B, 5C, and 5D show senescent cells labeled with gold particles. (The labeling is not visible in Figure 5B because of low magnification.) These cells contain large vacuoles produced by the fusion of vesicles containing electron-dense material. Vance et al. (1980) , when studying senescent cells of alfalfa nodules, observed the same vesicles containing electron-dense material and defined them as disorganized bacteroids enclosed in PBMs. The electron-dense material could be residual bacteroid aggregates containing metal ions such as iron and molybdenum, which are components of nitrogenase. It has been calculated that the concentration of these metals in soybean bacteroids is 14 mM and 1 mM, respectively (Verma and Nadler, 1984) . These metals would make bacteroid material electron dense. By fusion, the vesicles make large vacuoles containing aggregated bacteroid materials (Vance et al., 1980) . In these cells, gold particles are associated with the senescent disorganized bacteroids, the vacuoles, and the resulting membranes from PBM fusion. A few gold particles, which must not be confused with ribosomes, were observed in the cytoplasm, which is apparently in contradiction to the results obtained by subcellular fractionation experiments. Upon close examination, the membranes seem to maintain their integrity, and nonspecific leakage of the 21 -kD protein would, therefore, be unlikely. Figure 5E shows that functional infected cells were not labeled by anti-21-kD protein antibodies. Figure 5F shows a control experiment with preimmune serum.
cDNA Sequence and Deduced Amino Acid Sequence Analysis
We screened a nodule cDNA library with oligonucleotide 1, which hybridized with a 0.9-kb polyA + RNA. Two clones were identified out of 3000 phage plaques. Figure 6 shows RNA and DNA gel blot hybridization of one clone to plant mRNAs and genomic DNAs. The clone hybridized to a 0.9-kb transcript, which appeared late in the nodule development ( Figure 6A ), later than the leghemoglobin transcript ( Figure 6B ). DNA gel blot experiments confirmed that this 0.9-kb messenger is a transcript from the plant genome and that the bacterial microsymbiont genome does not contain any related sequence ( Figure 6C ). The same results were obtained with the other clone (data not shown).
The sequence of the two selected clones is identical and is shown in Figure 7 . We did not succeed in obtaining the complete transcript. The two clones are interrupted exactly at the same 5'-end site, suggesting repeated interruptions of reverse transcription in the conditions used (30 min at 37°C). The reading frame shown (representing 201 amino acids with a predicted molecular mass of 22.3 kD) is longer than that required for a 21-kD polypeptide. If we assume that the apparent molecular weight obtained by SDS-PAGE is correct, this suggests that only a few amino acids are missing from the N-terminal end and that a leader sequence may be encoded.
The 21-kD Nodulin Is a Protease Inhibitor
Comparison of the amino acid sequence with protein data bank sequences indicates homology between our se- quence and soybean (Kim et al., 1985; Jofuku et al., 1989) , as well as winged bean (Yamamoto et al., 1983 ) seed trypsin inhibitors. The sequence alignment is shown in Figure 8 . The N-terminal and C-terminal sequence regions are very similar. The central region is less similar, but the 4 cysteine residues that make two disulfide bridges in the seed trypsin inhibitors are present at the same positions. The reactive arginine residue at position 63 in the soybean protein and position 64 in winged bean seed is also present. However, the arginine residue is followed by a proline residue that prevents trypsin modification at this site. A lysine-serine bond at position 56-57 could be the true reactive site.
By comparing the protein sequence of the mature soybean seed trypsin inhibitor (Kim et al., 1985) with the predicted amino acid sequence of the cloned protein, Jofuku et al. (1989) deduced that an N-terminal signal sequence and a C-terminal sequence are cleaved to produce the mature protein. By analogy, and knowing the sequence of the mature winged bean seed trypsin inhibitor (Yamamoto et al., 1983) , we suggest that in the 21-kD protein described here 11 amino acids from the C-terminal end are likely to be post-translationally cleaved, and that only 5 codons of the N-terminal end of the putative signal sequence are missing from our cDNA clone.
The calculated high isoelectric point (10.2) deduced from the amino acid composition is in agreement with the fact that this protein does not bind to DEAE-Sephadex at pH 8.6 (see Methods). Although variable, the isoelectric point of Kunitz seed inhibitor is generally lower (Yamamoto et al., 1983; Richardson et al., 1986) .
To confirm the function inferred from the observed homology, we tested in vitro the biological activity of the latedeveloping 21-kD nodulin. Bovine pancreatic trypsin was coupled to CNBr-activated Sepharose 4B. A nodule extract was loaded on the column, and the bond material was eluted by lowering the pH. Figure 9 shows that the acidic eluate contains exclusively a polypeptide of 21 kD (lane 3), which reacts with the anti-21-kD protein antibodies (lane 4).
Experiments to determine protease inhibition, shown in Figure 10 , demonstrate that the 21-kD protein is indeed a protease inhibitor and is active against trypsin and against endogenous proteolytic activities. The results show that, with the condition used, 1.5 ^g of the 21-kD protein was able to totally inhibit 0.5 M9 of trypsin and 30% of the endogenous proteolytic activity when the inhibitor was first removed from the nodule extract. This would explain the total disappearance of leghemoglobin in unbound material proline residue (isoleucine in soybean seed and serine in winged bean seed), which makes it resistant to hydrolysis by trypsin. However, it actually binds to trypsin ( Figure 9 ). As noted in Results, the Lys-Ser bond at position 56-57 could be the actual reactive site. Interestingly, an Arg-lle bond is also found at position 58-59 in winged bean seed trypsin inhibitor (Yamamoto et al., 1983) . The calculated molecular mass of the predicted N-terminal processed 21-kD protein is 20.2 kD, which is close to the 21 -kD apparent molecular mass. The calculated molecular mass of the Nterminal and C-terminal processed protein (Figure 8 ) is 18.9 kD, which is close to the 19.2 kD of the winged bean seed trypsin inhibitor (Yamamoto et al., 1983 ), but which is much lower than our observed 21 -kD apparent molecular mass. This would probably suggest that the C-terminal processing is not achieved in the nodules, but this needs to be demonstrated. The winged bean nodule protease inhibitor is also different from the winged bean seed inhibitor. The DNA gel blot stringent hybridization experiment ( Figure 6C ) showed that there are several different Kunitz protease inhibitor genes in the plant genome. There was no BamHI or EcoRI site in our nodule cDNA, and two or three bands were observed. If the nodule protease inhibitor genes of winged bean have no introns, as is the case for the soybean ( Figure 9 , lane 2) from which the protease inhibitor was removed. These experiments confirm that the late-developing 21 -kD protein is indeed a biologically active protease inhibitor.
DISCUSSION
Characterization of the Nodule Protease Inhibitor
We have reported on the complete characterization of a senescence-related nodulin. As indicated in the Introduction, nodule senescence is a development stage that is important to study with the aim of improving nitrogen fixation.
The 21 -kD protein we have characterized is homologous with the legume Kunitz inhibitors (Ryan, 1988) . The greatest homology is found in the N-terminal and C-terminal regions. The arginine residue of the putative active site is located at position 63 as in soybean. It is followed by a
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Legh. The caseolytic activity of a fixed amount of trypsin (A) or of a nodule extract before (O) and after (O) passage through a trypsinSepharose column were inhibited with increasing amounts of the 21 -kD protein eluted from the trypsin-Sepharose column (see Figure 9 ). The noninhibited caseolytic activity of trypsin (0.5 pg) and of nodule extract before and after passage through the affinity column (200 pg and 175 pg, respectively) were 0.1 02, 0.030, and 0.033 A400/hr, respectively. The inhibitory activity is expressed in percent of inhibition.
trypsin inhibitor genes (Jofuku and Goldberg, 1989) , each observed band ( Figure 6C ) would represent at least one individual gene. This is not surprising because Jofuku and Goldberg (1 989) found, under nonstringent hybridization conditions, 1 O different trypsin inhibitor-related sequences in the soybean genome. The expression of the protease inhibitor we have characterized is temporally regulated and coincides with the development of senescent cells in the nodule. By what signal is this expression regulated? Jofuku and Goldberg (1 989) showed the expression of severa1 Kunitz protease inhibitors in soybean tissue. Two of them (KTil and KTi2), which are homologous to the major seed trypsin inhibitor, are expressed at low levels in seeds and in leaves and roots. If these genes are transferred to tobacco plants, they are correctly regulated in seeds and leaves but not in roots, where no messenger is present. The reason could be that in tobacco the trans-acting regulator of transcription is absent from root cells. In soybean roots, the regulator would be the result of the presence of Rhizobium, which is obviously impossible in tobacco roots.
lnvolvement of the Nodule Protease lnhibitor in Nodule Senescence
A protease (thermolysin) inhibitor has been observed in the PBF of soybean root nodules (Garbers et al., 1988) . It is heat stable (30 min at 1 OOOC), has a molecular mass of 20 kD, and is not active against trypsin. No further characterization (particularly if it is specifically expressed during senescence) allowed us to compare it with the 21-kD protease inhibitor.
The involvement of the nodule protease inhibitor in senescence is demonstrated by two observations. First, it appears very late in nodule development, after nitrogen fixation has reached a steady state, demonstrating that it is not necessary for nitrogen fixation. Second, it is exclusively localized in senescent cells. Electron microscopy studies have located the nodule protease inhibitor in disorganized bacteroids, PBM, and in resulting membranes as well as in PBF and resulting vacuole fluid. Its near absence in PBM and PBF subcellular fractions (Figure 2 ) could be explained by the fact that in these fractions the majority of PBM and PBF results from functional infected cells (see Figure 5A ) that do not contain the 21-kD protein (see Figure 5E) , and/or by the fact that senescent vesicles are more fragile than functional infected cell vesicles and are destroyed in subcellular fractionation experiments. This would also explain the high leve1 of the protein in the soluble fraction and the apparent contradiction between subcellular fractionation and electron microscopy experiments.
The steady state of interaction between the plant and Rhizobium is called symbiosis because of reciproca1 interests in the exchange. It is clear that during infection of roots by the microsymbiont (which can be considered parasitic at this stage), the bacteria produce signals that divert the host's defense. Nevertheless, the observed rapid senescence could be considered as a delayed reaction of the host plant against Rhizobium. Thiol-protease activities have been observed in French bean senescent nodules (Pladys et al., 1986 ) and should be considered as a hostpathogen interaction. Although suggested, it has not been demonstrated that the isolated French bean proteases are expressed by the plant and not by the bacteroids. They are able to digest in vitro the bacteroid peptidoglycans. In soybean nodules, a serine proteolytic activity against azocasein increases when nitrogenase activity is lost (Pfeiffer et al., 1983) . However, this activity does not seem to degrade the bacteroids.
In this context, it would be interesting to know the function of this late-developing nodulin, which had shown protease inhibitor activity. With few data available on the senescence process of nitrogen fixation, it is difficult to speculate about the significance of a protease inhibitor in nodules. The two proteases appearing in French bean senescent nodules are thiol proteases. The inhibitor we have characterized in winged bean nodule is specific to serine proteases (Ryan, 1981) . In French bean, it has been shown that a serine protease activity is present in functional nodules but disappears at senescence (Pladys et al., 1986) . If a Kunitz-type protease inhibitor is also present in French bean nodules, it would be of interest to observe its interaction with the serine protease and to determine whether this protease activity decreases at senescence because of its own disappearance or of the appearance of the inhibitor.
The function of a protease inhibitor could be to regulate a protease activity. To understand this regulation, studies on the origin, as well as on the target, of nodule proteases must first be undertaken. We have localized the nodule protease inhibitor in senescent cells. We speculate that the inhibitor interacts specifically with a protease, the origin of which is still to be determined (plant or bacteroids), that is important for the maintenance of symbiosis. The steady state of nitrogen fixation is probably an equilibrium, where proteases may play a role. However, when the equilibrium is shifted (appearance of a protease inhibitor), the hostpathogen interaction is established and the plant rejects the invading microorganism.
Further studies will be conducted to understand the biological significance of this protease inhibitor within nodules induced by Rhizobium mutants producing Fix-phenotypes, such as those that are characterized by lysis of bacteroids (early senescence) (Werner et al., 1984) . Purification and complete characterization of the specific protease inhibited by the nodule inhibitor will also be undertaken.
METHODS
Biological Material and Nodule Production
Winged bean (fsophocarpus tetragonolobus Dc cv UP599) seeds were treated for 10 min in concentrated sulfuric acid, 10 min in 10% (w/v) sodium hypochlorite, washed with sterile distilled water, dispersed on 1% agar, and allowed to germinate for 1 week at 28OC in the dark. Seedlings were then disposed in a mist-room containing nitrogen-free medium (Cutting and Schulman, 1969) and incubated at room temperature (2OOC to 25OC) under direct sunlight. When the preleaves were fully developed, the mist-room was inoculated with Rhizobium sp NGR234 (Trinick, 1980) . The nodules produced were harvested according to their size, ranging from 0.25 mm (root sections with nodule budding) to 5 mm. Under these conditions, the 0.25-mm nodule buds first appeared after 8 days to 10 days after inoculation, and the 5-mm nodule size appeared 10 days to 20 days later. Although the precise timing of nodule growth was not determined, the sizes of the nodules were a good approximation of their stage of development.
Root sections with no apparent nodule budding were collected for controls (noninfected roots). The harvested nodules and the root controls were used immediately or frozen in liquid nitrogen and stored at -70°C.
Protein Extraction and Nodule Subcellular Fractionation
Total proteins from fresh or frozen nodules and uninfected roots were extracted in 50 mM Tris-HCI buffer, pH 8.0, containing 5 mM EDTA, 5 mM P-mercaptoethanol, and 1 mM phenylmethylsulfonyl fluoride for antibody production, or directly in hot SDSsample buffer [125 mM Tris-HCI, pH 6.8, 1% (w/v) SDS, 0.1% (v/v) j3-mercaptoethanol, 10% (v/v) glycerol] for SDS-PAGE.
Subcellular fractions were prepared according to the method of Fortin et al. (1 985) . Briefly, fresh nodules (2 mm to 5 mm) were ground in 50 mM Tris-HCI buffer, pH 8.0, containing 5 mM EDTA, 5 mM 0-mercaptoethanol, 1 mM PMSF, and 0.5 M sucrose. Bacteroid-enclosing vesicles were isolated by sucrose gradient centrifugation, washed, and broken by an osmotic shock. The broken vesicles were subsequently fractionated by a second sucrose gradient centrifugation into their three constituents: the PBM, the PBF, and the bacteroid.
To purify the specific late nodulin, frozen large nodules were extracted in 50 mM NaCI, 20 mM Tris-HCI, pH 8.6, at 4°C. The extract was separated on a DEAE-Sephadex column equilibrated with the same buffer. As monitored by protein gel blotting experiments, the 21-kD protein did not bind to the gel. The protein was further purified by preparative SDS-PAGE, and the 21 -kD polypeptide was electroeluted from the gel in 50 mM ammonium bicarbonate containing 0.1 O/ O (w/v) SDS. SDS was removed from the sample by repeated extraction with a mixture of acetone:triethylamine:acetic acid:water (1 7:1:1:1), according to Konigsberg and Henderson (1 983) .
Microsequencing Techniques
The acetone precipitate of the 21-kD protein (about 1 mg) was redissolved in 0.5 mL of 75 mM Tris-HCI buffer, pH 8.6, containing 6 M guanidine-hydrochloride. After reduction and carboxymethylation, the sample was extensively dialyzed against 1 ?' O (w/v) ammonium bicarbonate and digested overnight with trypsin (enzyme-to-protein ratio, 1 :50). Resulting peptides were separated by reverse-phase HPLC on an Aquapore RP 300 column (4 to 6 x 130 mm, Applied Biosystems, Foster City, CA) equilibrated with 0.1% (w/v) trifluoroacetic acid. Elution was performed with a gradient of 10% (v/v) to 50% (v/v) acetonitrile for 60 min. Detection was at 220 nm. Each peak was collected and subjected to Edman degradation. Amino-terminal sequence determination was carried out with a pulsed liquid phase microsequenator (model 477A, Applied Biosystems). Phenylthiohydantoin derivatives were analyzed essentially as described by Fonck et al. (1986) , with the exceptions that an on-line injection to the sequenator was used and the column diameter was 2 mm. lmmunochemistry Antibodies were produced by standard procedure in rabbits. For total nodule protein antibodies, proteins from a mixture of nodules at different developmental stages were injected. To obtain nodulespecific antibodies, the serum was adsorbed severa1 times with root proteins coupled to CNBr-activated Sepharose 4B (Pharmacia LKB Biotechnology Inc.) in 20 mM potassium phosphate buffer, pH 7.4, containing 0.9% (w/v) NaCl (PBS) (Fortin et al., 1985) . Protein gel blotting of an SDS gel on nitrocellulose was performed according to Towbin et al. (1979) with antisera diluted 1/100 in PBS as primary antibodies. lmmunostaining of the protein gel blot was obtained using Sigma alkaline phosphatase coupled to goat anti-rabbit IgG (Morgan and Manen, 1985) .
RNA and DNA Gel Blot Analyses
Total RNA was isolated from nodules or macroscopically uninfected root sections as described by Prescott and Martin (1987) . PolyA' RNAs were purified according to Maniatis et al. (1982) . The RNA gel blot was performed with 1 pg of denaturated RNAs on GeneScreen membranes (Du Pont-New England Nuclear) according to Khandjian (1986) . Plant genomic DNA was isolated according to Graham (1978) from fresh leaves, and Rhizobium total DNA was isolated according to Stanley et al. (1987) . The DNA gel blot was performed on nylon membranes (Amersham). Hybridizations with 32P-ni~k translated DNA probes were done at 65OC according to Maniatis et al. (1 982) . Hybridizations with 32P-kinased oligonucleotides were done at 45°C according to Wallace and Miyada (1 987) .
Construction and Screening of a Nodule cDNA Library
PolyA+ RNA was isolated from nodules as described above. A cDNA library was constructed in hUni-ZAP XR using the ZAPcDNA Gigapack II Gold synthesis kit as directed by the supplier (Stratagene). After plating of the library, 3000 phage plaques were lifted on nitrocellulose filters that were hybridized with labeled oligonucleotides under the same conditions as for the RNA gel blot hybridization with the oligonucleotide probes. The positive clones were purified and the hUni-ZAP XR phage DNA converted into pBluescript phagemids (M13 derivative) according to the manufacturer's instructions (Stratagene) for DNA sequencing and production of nick-translated probes.
DNA Sequencing Techniques
DNA sequencing was performed by dideoxy chain termination (Sanger et al., 1977) as described in the United States Biochemicals protocol for the Sequenase enzyme (Tabor and Richardson, 1987) and with %-ATP as the radioactive nucleotide (Amersham). The complete sequence of the two strands of the cDNA was obtained from the two ends with standard primers (universal M13 17-mer and reverse) and from the central region of the sequence with complementary oligonucleotides as primer. Sequence data were analyzed using the program IDEAS on VAX/VMS.
Assay of Enzymatic and lnhibitory Activities
The proteolytic activity was assayed with azocasein as the substrate. Five hundred microliters of the reaction mixture contained 250 pg of azocasein, 0.1 M Tris-HCI, pH 8.0, 10 mM CaCI2, and a fixed amount of trypsin (0.5 pg) or of a nodule extract before and after passage through the trypsin-Sepharose affinity column (200 eg and 175 pg, respectively, measured according to Lowry et al., 1951) . After incubation at 37°C for 1 hr, the reaction was stopped with 500 pL of 5% (v/v) trichloroacetic acid. The precipitated proteins were removed by centrifugation, and the absorbance of the supernatant was read at 400 nm. The 21-kD protein, purified by trypsin-Sepharose affinity chromatography, was added at increasing concentrations to the reaction mixture, and the inhibitory activity was estimated by measurement of the residual caseolytic activity. Assays without incubation at 37°C were used as controls.
Electron-lmmunogold Techniques
Three-millimeter nodules were cut into small cubes (0.5 mm) in a fixation solution [5% (w/v) paraformaldehyde, 0.5% (w/v) glutaraldehyde in 25 mM phosphate buffer, pH 7.01 and incubated at room temperature for 1 hr and then overnight at 4OC. Dehydration and embedding (Lowicryl K4M) were performed according to Roth et al. (1 981) . Grids containing ultrathin sections were blocked with 0.5% (w/v) ovalbumin in PBS, reacted with the anti-21-kD antiserum diluted 1/50 in PBS, and washed in distilled water. They were then reacted with 15 nm protein A-gold particles (Jannsen, dilution 1/200), washed in distilled water, and dried. Sections were post-stained with standard solutions of uranyl acetate (1 O min) and lead citrate (1 min). Thin sections of the same tissue were also observed by fluorescence microscopy . The autofluorescence produced by UV excitation of the senescent cells made them easily observable.
